
made by the explosion of high a l t i tude  nuclear bombs since 

1956; 
energetic charged part ic les ,  mostly el,ectrons, frorn the 

nuclear explosions. 

These a r t i f i c i a l  b e l t s  result from the release of 

i 

These seven explosions are:* 

E;O: .eafon l o c a l e  time x i o l d  a l t i t ude  - 
300 miles &$US I South Atlantic 1958 1kt 

APgus If South Atlantic 1958 1 k t  300 miles 
Argus 1x1 Souti? At l an t i c  195; 1 k t  300 milea 

S tar f i sh  Johnson Is land July 9,!62 1.4 ~t 400 
2acrfic Ocean , 

7 USSR (1) Siberia o c t  -22, '62 s >vera1 
hundred 

kt 

7 1 US.SR Siberia NOQ. 1,162 

The &GUS explosPons of 1948 ::'ep?e carried out t o  study 

the trapping of energetic ?ar t ic les  by the cor-tiits magnetic 

f i e l d ,  Hfcholas Christofolfs, 8 physioist a t  the Lawrence 

The U . 3 ,  explosfons Teak and Oiasnze i n  the Pacific (below 45 

eight k;n) in 1958 may have injected some particles but the 

effects ?-are were small and short-lived. 

USSR high a l t i t ude  explosion of 1961 may t, produced some 

effects but t h i s  is uncertain. 

Another reported 
i, rc 



9 on Projoct Skerwood - the attempt to make controlled 

thormomcleer reactions in laboratory containers. To contain 

the fntcnsoly hot material used in Sherwood experiments 

no n a l l s  can bo used. They would melt. Magnetic f ie lds  

are used shaped i n to  "magnetic bottles" to conta3.n the 

particles. 

used successfully t o  contaln hot electrons and protons f o r  

shor t  times, The part i c l e s  eventually leak out of the 

rnognetlc bot t le ,  mostly %bough  the ends, but they are 

contxined for s t ine.  Chi?Sstofilos Cock thfs I dea  for a 

laboratory-sizs magnetic b o t t l e  and oxpanded it - k ~  ear th 

size .  He sugges-ied tha t  the earth's magnetic f i e l d  should 

be able t o  contarn and trap otno.rget.t,c particles a3d showed 

that a nuclear explosion would be a reasonable source of 

p a r t l u l e s  t o  populate the terrestrial bott le ,  (2) This 

suggos.t;ior, Isd t o  the Argus experimants, 

Such a bott le  as that used i n  FigT 3 has been 

Theplanning for Argus was vel1 underway 'osforo the 

discovery by Van Allen of the natural radiation belt. 

the Argus planning sessions it had been s~ggssCved %bat a 

natwal  b e l t  might exist around the earth, which was of 

In 

i 

eo-.ms borne ouk by the  B p l o r c r  I and Ikp lo re r  1x1 s a t e l l i t e s ,  

iiztsr each of the Argus e X p l G S l G i l S ,  trappet? particles were 

observed 5y Van Allen on the, Xxplorer IV satel l i te .  (3) 

. The Sta r f i sh  exploslon of July 3, 1962 was of higher 

y b l d  thnn Argus and made not only II more intense artificial 

bs1-t but 8 con39derabIy more extensivo belt .  Thfs be l t  is 



of lonzer lffa than the Argus b e l t s  because it is at a 

lover  ki$ i tude 

. +., 

:P 
The  tnme S o v l e t  explosions of 1962 made a r t i f i c i a l  

b o l t s  sor;aarilhat l o s s  in-tsnsa than Starfish, 

at hlzh enough latitude so t h a t  they decayed r a the r  rapldlg.  

These t k r r~e  b e l t s  had different  s p a t i a l  oxtents timybe 

f n d i c a t h g  different altltudas for the explosions. 

Tbasc a l so  were 

I 

i 



A Bonb e3 a Source Chargod PsPticZes ---- 
1' T1ha.l; is thore about a nuclear explosion that makes an 

Eirtif lcfal  radiation be l t ?  The radiation b e l t s ,  both natural . 
end arkificial, are s f q l y  largo populations of charged 

par.t,icLes trapped by the earth's magnetic f i e l d  t o  stay 

for long tBm93 nmEp the earth, Tho natural  bef ta  are  made 

up mostly of energetic electrons and protons plus small 

numbers of deuf;e~ons and tritons and possibly some alpha 

particles and poslerons as w e l l ,  The artificiel be l t s  are 

mads up ri:cm$1y of elsctrons mfth some protons and maybo scm 

of Lheother ps.rticle=? too. 

There are kvo kinds SP mcIt3a?? explosfonss f l s s i o n  and 

Puslon. The baeic elemnt  of a fisszon m a c t l o n  2s the 

captura of a  sixon on by a heavy e1ement, frwquently U 235 

wvhfch then fL.su,lons, 011 s p l i t s ,  Into %no lighter nuclef or 

fission fragssnts, (4) 
are @van off, of which about one per0 event my escape from 

In t h i s  process two o r  throe neutrons 

the fissioning sygtetn. 

particles by decaying into a proton and an electron. At 

the  t l m e  of fission several \(rays of roughly 1 Mev each 

are given off. 

as the  rPesult at" Compton scattering on air atoms but the  

tmppod flux of electrons produced by t h i s  process fs probably 

sulall enough to be neglected. Some < p a r t i c l e s  are also 

$veri off by torna~ly f i s s i o n .  About one in 300 f i ss ion3 

produass an w papticle of from 5 to 25 &v. 

The neutron can produce tpapped 

0 Lhcss nigh%, produce soae trapped electpons 

It 2s uncertain 



I 
j 

I I 

whather any of these e papt ic les  m f l l  get  out of the 

Pissfourhg system before they are sloved down t o  rest, but 

some of them niay wind up trapped, (5) 1 

After the fission process is  over m r a  charged particles 

are  I .  -- Gff, The F h s % o n  fn"agax-&s produced ape unotnble 

(tho7 are nwtron? r i ch )  and they decay by enitting electrons 

to bocorsls st351s, 
I 

One fission fragment srilits about s i x  

slse-l;lrons to bocoms s t ab la ,  

fmpoptant source of a l l  tho ar t i f ic ia l .  be l t s  pPoduced, 

These electrons ape the  most 
I 

They 

I 
I 

have oplergics up eo about 8'Idev with an average enorgy of 
about 1 &v0 

boab baeauss the fisston Fragncnt dcccrg p~ocess fs rela-bively 

slow, kb0u.t onc olec-Lron is &ven of f  In the  first second 

af te r  fission m 2  then the other  f9-m a m  given off w i t h  a 

docay l q w  

'I'hoy can bs iqcleaved 8 long distance from tho 

I 

- I .  2 
b p =  kk-9 3: where t is in seconds 

So electrons a:ro s t i l l  being given off minutes t o  hou-,.s 

a f t e r  the e:cplosiofi, If the flssloli I"i*aGmantS expand srith 

a velocity o r  about 500 km;/sec, electrons can be Jlbernted 

up to IO6 wag f r o a  the explosion s i t e ,  But ppobablg the  

expaadirsg Ciss-ton f ~ ~ g ~ m t s  m e  n o s t l y  fonized ( 6  1 and they 

.,.~fll be trapped by the ea r thgs  mgnstic f i e ld  and can not 

g e t  nearly this far away froa the  exp2osion, 

1 Cabpis a f t e r  the explosion, O n 0  process tha t  would came thfs 

:~ould be (n, 212) reac-&ions, for emnple: 



. - - --- 

is not a very h p o r t a n t  p a r t i c l e  S O U T C ~ ,  

A fus9on bomb narks by bxmfng hydrogen to m.rke helium. 

The eGd products are not radioaetfvo but some intermedfate 

steps i n  t h o  mac t ion  produce chargod particles khat can be 

trapped, Deuterium and Fritium c m  involved i n  the fusion 

too, but as '1110 sha l l  see, tho y9d.d of  t h i s  pcsctfon 3s qu3te 

small. 

A ftrsiorr UP hydrogen bomb explosion w i l l  pmduce a qui te  , 

insignificant artificial r ~ d i a t i o r i  bslt conpared to fisslon 

from fission fzagaent p -decay a re  ths  most inportant s o w c e  

or" part ic les  for artificial r.ecXaticn be l t s ,  



One of t h e  sowces  & th3 artificial bel t s  is neutrons 

t h i s  80‘L;.TC6 is. 

About E02h. neutrons are gPVei? off by a one lrtlbton 

axploslcm, The neutrons are  risutrul 2nd are  therefore not 

trappod by tho f t c l d  but they a r e  radioactive and decay by 

%ha react ion n-qs C p .). d o  The decay p-roducos electrons and 

protons which can be trapped.’ The an t ineut r ino3  is of no 

interest  to us here. Tile neutron mean life T,,, I s  1000 seconds. 

thorn w i l l  deoay 2xside the magnctospbsrc givon by 



104 protons/m2/sec of E 3 1. &v. 

% l u e s  are considerably larger  than thls i n  most rogions 

of space so we can ignore the n e u t ~ o n  decay protons. The 

neutrons frorn the ( d , t )  reactions of the  fusion bomb have 

The natural  proton 

I 

I 

. 3.4 %ev ~ r o t o n s .  There w i l l  not be many of theso made. 

I The 14 ~ e v  noutron velocity is a fac tor  of four l a rger  

than 1 Mev noutrons so the fract ion of them that decays 
I 

fs only 

f o r  S ta r f i sh  the  14 Llev proton flux will be leas than 

of the 1 Mev neutr)on decays, This means that 

I 

I I 10 4 2  /em /set. ,However, the neutron decay eleutron flux +.- 

is  considerobly highor than thfs. (7) 

given off  by an explosion on the oquator, the t o t a l  

~r M neutrons are 
I 
I 

neutron flux F a t  an observation point (seo Pig .  2) 
w i l l  be \., 

-\ 

F -  
l 

a 

is the distance from the  explosion point t o  
Vfhare P L 

Y observation point. 

The neutron decay dansity from t h i s  f lux m i l l  be 

The explosion is a point  silurce but t h e  par t ic les  ail1 

spread out in longitude by d r i f t  t o  f o r a  a shell. 

average the decay density in, longitude 

We can 

- -_ 
0 -4) 

0 -8 0 



I," 60 he1.a a neutron saurce  above the  atmosphere we 

cxs% consider. n o t  only nclltrons traveling upaards away 
n L~ao is  t h e  exp los ion  but albec?o neutrons from the top of 

t h e  a-L::.os>hsre. 

nautrrous :;t9'11 bs m f l e c t e d  from tha atmosphere and then 

About 80 23ercen.t; of the do-mvard t ravelfng 

.& o a v s l  zprisrds .  In the reflection process  t h o  neutrons 





result, c bounohp, notion takea placro muoh l i k e  tho osoi l lat ioa 

oi' Q pondulua. 

t : a ~ r o t i c  no=lsz% p of tho p a r t i c l e  a constant or the motion. 

Tho ~ s ~ n ~ t f c  aoarsnt 5s dofinod by 

This bounclng notion takes place wZth a 

vho:*o 3~ f a  the part i c ids  kfnetia energy associated with 

tho gTji*a.t;iOpl and o( is tho angle betwoen V end B c a l l e d  the 

pi.heh mg3.0. 

paiCfels so V * constant and bemuso p i s  a constant we have 

E 9 ~ r b n ~  tho bocnctng motion o( changes Lia €3 does, acoom3ing 

to th9s equation. 

OP at Q rzq-r?stic; field strewth Bm given by 

%9s pol& of f i e l d  B, is cs33ed the partibles rnirrar point. 

.A ~ x x ~ . i ; l c l c t s  z:frror pofnt dopends only on f t s  i n i t i a l  pltch 

r ; r ? ~ L s  < (riot on its onorgy), 

>m.t;iclo 9s bolo'n ground levo1 or in tho dense atmosphere 

%hfs ~ ~ r t j i c l o  n i l1  be l o s t  r f g h t  away. 

A a t a t i c  rragnetic f i o l d  does no w r k  on a 

- -I* 
.-. = constant. 

73 

The partials turns around when sin%= 1 

1 4 - d -  - , 5 ,  
- 

3 -  3% 

If the value of B, For a 

Tho ~ a ~ t i c l e s  also d r t f t  in longitude around the earth. 
r.-- - _- 
L ~ - L Q  ape t ~ i o  of;rscts that p r o h o e  th is  d r l f t .  

:;?r::i1ont cf the magnotic f1el.d and the curvature of the  f i e l d  

::..-,3 .A ., 

*. . . b u u e  - , ,.a, 

*;:-?a L-yratton of %;he particle around the field line. 

The radial 

53th ect t o  aabe the eleatrons drift east and protons 
Tho field gradient ef fec t  can bo understood by Oons~dQPhg 

Beoause 





(9 



Early H 1 s t o r g . g  Starfish 

We now have an idea about what should happen t o  the  

particles from an explosion. Let us see what tho  observations 

sar happened a f t e r  the Starfish explosion of July 9. 

I 
ldagnotio and E?l signals and a whis t le r  radiated by the 

(8, 9, 1% 11) explosion wero observed a t  several places. 

These may play a part i n  the a r t l f i o i a l  belt .  

interact with par t lo les  In the natural bel t  and e i ther  change 

t h e i r  energy o r  s ca t t e r  them and uhange t h e i r  pi toh angle. 

They may 

Those changes i n  the naturally trapped par t ic les  may produce 

some of the  observed effeots. 

Just  seoonds after the explosion a r t i f i c i a l  aurora were 

observed ?Ln New Zealand. (12) These are produoed by the  

electrons and other p a r t i u l e s  from the explosion that are  

not trapped. Lots  of these par t ic les  have m i r r o r  points 

below the atmosphere. 

atnosphere and in te rac t  w i t h  oxygen and nitrogen atoms. 

Beoause of t h i s  they w i l l  enter the 

The 

excited atoms will emit l i g h t  t o  form the aurora. Rockets 

have been flown into natural  aurora and energetic eleotrona 

found, S O  this process of eleotrons making aurora8 is well 

established. 

Just two seoonds a f t e r  the explosion increased ionospherio - 
absorption of cosmic radio noise was observed i n  Alaska (13) 

a t  L-6. 
t ravel ing upwards t o  these field l inea releasing eleotrons 

This i s  probably due t o  debris from the  explosion 

-decay some of whioh promptly are l o s t  i n to  the  atmosphere. 



c 

The increased ionospherio eleatron densities prodwed 
h.44, 

this pray en anoe the cosmic noise absorption, 

absorption was deteoted withln one minute after the 

explosion followed by recovery to normal in  a few hours. 

The peak 
A 

Attenuation like this was not observed in the U,S, at the 

same distance as Alaska or in the auroral region'in Canada 

or Norway so the effect is'clearly assoaiated w i t h  early time 

effects of charged partioles from the explosion, 

observed on an ionosonde in Jamaim (14) ZiiiEEating inoreased 

absorption i n  the  lower regions of the ionosphere, 

I .  

A few minx.tes after the  exploslon increased fmin was . 

8 

This 

must have been due t o  trapped eleotrons drifting east and 

some of them getting lost as they go. 

Topside soundings of the ionosphere on Ariel (15) also  

showed increased electron densities in the ionosphere above 

t h e  F layer shortly after the explosion. 2 
Thore also will be inoreased electron denitties i n  the 

region near the explosion due to absorption of soft X-rays 

from the explosion (as much as half the energy of the explosion 
i 

But this effeot may be in the form of these soft X-rays), (16) 

wf13 o n l y  be line of sight from the explosion and this effeet 

cannot explain the Alaska or Jamaioa observations. 



A 

Syncrotron Radiation 

A few minutes a f t e r  S ta r f i sh  synorotron radiat ion from 

This is the the  tragped eleatron was observed i n  Per~(1~). 

only effeat of the a r t i f l o l a1  radiat ion be l t s  tha t  is 

observed on the ground f o r  long periods, 

i s  t h e  electromagnetlo radiation given off when an eleatria 

charge is accelerated i n  a a i r h t e .  (18 1 

Symrotron radiat ion 

It was first observed 

as light emitted from a synarotroil eleotron aooelerator. If 

the  charged partiales have VcKo then the radiation is  emitted 

only at the uyclotron frequenoy and is oalled oyolotron 

radiation, but when the  par t ic le  i s  r e l a t iv i s t i o  then many 

higher harrnonios of the cyclotron frequency are  emitted too 

and the radiat ion is called synarotron radiation. 

emission of the  planet Jupiter i n  the  30 om range l a  t en ta t ive ly  

The radio 

ident i f ied as being symrotron radiat ion from trapped eleatroae 
w i t h  energies i n  the order of 5-100 MeV. (19) 

The t o t a l  power radiated by a par t io le  by synarotron 

radiat ion i a  

where B is the magnetlo f i e l d  strength in gram88 Y l a  the  

r e l a t i v i s t i o  energy faotor  c a  

the  aequency f. 

- E  
and F(f) is a f u o t i o n  of 

Evaluating P ( f )  a t  50 me for B .16 gauss 



and E - 2 MeV give P ( f )  = 4 x low3 watta/ops-ster. 

Integrating P ( f )  over the eleotron spa t ia l  d i s t r ibu t ion  

and f i ss ion  energy speotrum for Star f i sh  and integrating 

over antenna patterns gave oaloulated sky brlghtnessea in  
very good agreement w i t h  those measured short ly  a f t e r  

(21) Starfish. 

Attempts sere made t o  radiat ion 

from the natural  Van not be measured 

due t o  the baokground of other natural radjo noises. After 

the Starfish explosion synorotron radiat ion waa observed by 

several stations.  The Bureau of Standards ha8 a radlo ob- 
servatory In ~ I ? U  whioh oontaina about 20,000 dipoles.  (17) 

T h i s  array can study the radio noise uomfng in a narrow 

angle from the zenith (whiah is very nearly the rnagnetio 

equator). ThB newly trapped eleatrona from Star f i sh  produoed 

mor0 syncrotron noise than the natural be l t  eleotrons beoause 

there were mope of them and they were of higher energy. 

The maximum 50 mo signal a t  Peru arrived a t  + 6 minutes a f t e r  

the  explosion. This delay time is  oompatlble w i t h  the  t i m e  

reqilred for a 2.7 MeV eleotron t o  drift i n  longitude from 

+;hue locatior\, ef the explcrsieo t o  ?epi* a S e C a A  Peak 9?1m 
seen about 35 minutes later due t o  the eleotrons drifting 

around the world a seaond time. After t h i s  the noise was 
I '  

longitude due t o  t h e i r  different velocit2sa. 

measurements made a t  Peru w i t h  the dipole r r h y  show the 

Polarization 

radlo noise rooeived was roughly East-Weat l inear ly  polarised 

8s i s  expeated for synorotron radiation. 



I 

Several other antennas measured the  aynorotron radiat ion 

a f t e r  Starfish,  (22) At Wake Island the maximum signal waa 

obtained at + 25 minutes. This l a t e r  a r r iva l  than at Peru  

shows that  electrons dr i f t  east a8 expeated. 

time is  right for about 2 Msv electrons. 

This delay 

Comparing several reoeiving stations shows that only 

s ta t ions  within 25' of the magnetio equator deteated 

syncrotron radiation. This '  is reasonable beoause the 

radiat ion is given off i n  the instantaneous direat ion of 

motion of the electron and t h i s  meana that large signals 

should be found at  the  equator and the  elgnal should dt~reh80  

rapidly going off the equato~.  

Observations a t  

deoayed w i t h  a time 

n * no 

where t i s  the time 

Peru showed that the r ~ o r o t r o n  noise 

behavior given by + 60 

in days a f t e r  Starfish. This time decay 

is  not representative of the  deoay of the  a r t i f i c i a l  radiat ion 

b e l t  as a whole because a large f raa t ion  of the  aynorotron 

I 

noise is given of f  by l ow a l t i tude  electrons where the 

magnetio f i e l d  B is large. 

be l o s t  quite rapidly, 

These low a l t i t ude  sleotrons w i l l  



Satellite Data on Star f i sh  

On July 10 there  were four s a t e l l i t e s  in orb;t t ha t  

had eleotron detectors on board and whioh gave I useful 

information on the newly trapped partiolerr. 

So,eee per tme  Jnolinatioq det eo t ora 

shielded GM oounter 

shielded (3' oounter, 

Ee>40? MeV 
I 

ARIEL 1209 km 393 Ism 54O 

oounting several Mev 
INJmO 1010 top 890 tnn 6 7 O  

eleqtrons by Bremastrah- 
lung 

TELSTAR 5630 km 955 b b.7'- 4 ohamel so l id  a t a t e  
deteator E,> .2 Mev 

TRAAC 11x0 ~nn 951 km 32.4' shielded OM oountec 
E > 1 , 6 * ~ e v  

The Injun s a t e l l i t e  had been i n  orb i t  a long time, and 
e 

so it provided a very good before-after oompariaon of the  

radiat ion be l t ,  

aon t h i s  wayB a8 did Ariel. Unfortunately, the  Telatar 

The TRAN deteotor a l so  showed a good oomparl- 

s a t e l l i t e  was launohed the day a f t e r  Starfish,  80 It oould 

not give a before-after oompariaon, 

because the  Tels tar  s a t e l l i t e  goes t o  high a l t i tudes  and mapa 

out regions of spaoe that  are unavailable t o  the other a s t e l l ~ t e s .  

This is quite unfortunate, 

The Join% US-UK s a t e l l i t e  Ariel ehowed t ha t  high energy 

electrons resu l t ing  from the bomb appeared very  ahortly after 
the explosion a t  high la t l tudee - up t o  L : 5 or  more. (23) 

Ariel went out of operation a week aiter Starfish, but d u r 4 g  

this time the flux of energetia elaetrons stayed high up 

t o  L = 5. 1 



' ''1 
5 
i 

The TRAAO deteetor8 followed the deaay of loa a l t i tude  

Starfiah electrons until it a180 went out of operation. (26) 
TRAAC located a puddle of fi8slon debris s i t tbg  on top or 

the atmosphere i n  the  Paoifio, oontimously emitting eleotronr 

into the belt. (25) These new eleotrom from the debrir 

I puddle w p i l l  have short Uvea, baoauso they m e  emhtted at 

~ 

low a l t i tudes  and thereforehave low drror points and 

encounter a fairly dense atmosphere. 

By oompsrri-% the measurements of the several different 

deteotors having different  energy reaponsea, the energy 

speatrum of the new partloles was determined. A t  about 

1000 km the ageotmun oloeely resembled a rission energy 

spectrum, thus identifying the deoay of f i sa ion  fragments 
I 

as the  major par t io le  s m m e .  (26)  

The Injun o w t e r a  mapped out the new belt a t  1000 km 

I a l t i t ude  and produoedthe first flux eontour ploture of the 

Starfish eleotrons. (27) The Telstar r a t a l l i t s  produoed a l l  

of the inf'ormation above 1000 km for the first three month8 

, af te r  Starfish, (28) The experimental data from Xnjun and 

Telstar for a short period a f t e r  Starfish were organized 

and plotted. A oomparison of this data I s  shown in Fib,  6. 
I .,.- 

The reeion of highest f lux  for tbe  XnJun data i s  about lo9 
electrons/cm*/seu and for the Telstar data the highest 

value is also about 10 9 eleutrons/cm2/eea, The outer edge of 

both flux diakributions shorn is a t  8 flux of! lo7  eleotronu/ 
I 

cd/seo. These dis t r ibut ions i n  Pig, 6 are only approximate 

0 and involve some extrapolatlona in both oaee8,O A h o  they 

The best T o l s t a r '  aontourrr are given in Ref.39 
I I 

and the best InJun'data In Ref. 27 and 17 



are  not for the same time bjun  1s plua 10 hwrs m d  

Tels ta r  is plus 5 dags) but they s t i l l  are fa ir ly  aecu&ate 

and oan be oovrpared reasonably. 

flux 8istribution 18 muoh more aompressed than l a  T6l8tarr8o 

It is obvlous the Injun 

The t o t a l  number of gartioles found by integrating Mside 

the Injun dist r ibut ion is  about 
Inside the Telstar pioturo is about 10 26 eleatrona. (28) 

This di f fe rewe is  reasonably well understood now. We will 

eleotrona (29 )  

return t o  this point l a t e r ,  ' 

A map of the Star f i sh  eleetron fluxes at 400 km altitude 

above the earth is shown in Fig, 7. These are the  fluxes 
'as of one week a f t e r  Starfish,  

about a facrtor of 10 up t o  the present. 

large fluxes are  seen in  the South Atlantlo and not eleewhero 

has t o  do with the earth's magnetio field, 

weakest here 80 eleutrons, I n  order t o  ratiafy the oondltion 

of mirroring at a certain value of Bm, muat oome olosest 

t o  the earth i n  this region. Therefore the largest flux 

is seen i n  this region. 

They have deaayed probably 

The reason why 

The f i e ld  l a  

The spatial dis t r ibu t ion  of eleatrons from Starfish %a 

not easy t o  understand. The ionized debris from an exploslon 

will expand outwards and beoause the debria w i l l  be a good 

conductor it w i l l  push the magnetio f i e l d  ahead of it. In 
this way a bubble dll be blown i n  the aragnetio f ie ld .  (30) 

4 
t 



. 

The bubble w i l l  stop expanding when the energy i n  the 

excluded f i e l d  equals the i n i t i a l  kinetio energy E of 

the  debris, 

The bubble w i l l  collapse and leave behind a region sbout 

the  size of the bubble filled w i t h  fission f'ragments and 

electrons. 

\ 

For the  Argus explosion B - 1  kt * 4. x 1019 ebg8. 

For B = .3 gauss we get  

R 100 lan 
hUSWA 

This is the  approximatehthialcness of! the Argus eleatron 
shells,  ( 3 )  

But this simple model does not work for Starfish. The 

radius here would be R C Z l O O O  km but actual ly  t h o  debris 

m u s t  have gone considerably further than this.  Stn order 

t o  get t o  L = 5,  the bubble would have to  be about twioe  

this diameter if it grows across field lines or even 

la rger  if it grows upwards. 

several bubblots t o  allow the eleotrons t o  disperse more. 

The bubble might break up into 

Several s a t e l l i t e s  launched a.Pter S ta r f i sh  have made 

measurements on the a r t i f i o i a l  be l t s  and confirmed the 

general picture  of the electron f lux dis t r ibut ion,  

magnetic speotrometer flown on the Air Form s a t e l l i t e  

1962 PIS measured the  electron energy sp ot ra  a t  

L values. Suoh spectra f o r  Dea. 8, 1962 are shown in Fig. 8 
A t  L = 1.25 the  energy speotrum looks like thefisaion apeotrum 

A 

E w b ~  5-t-r.r $<sd 
i f fe ren t  

I t31j  A 



(Curve A, Fig. 8)  except tha t  there a re  femor low energy 

electrons. These loa energy eleotrons probably have been 

lost by coulomb scatterfng between July and DeCeRber, 

measured spectrum at L = 1.57 i s  softer. 

fewer high enorgy electrons than a f i s s ion  spectrum, 

much decay IQU taken plaoe here so t h i s  spectrum should be 

quite l i k e  t h o  i n i t i a l  spectrum on July 9 a t  L = 1.57. 
This information on the energy spectrum helps i n  

The 

It has oonsiderably 

Not 

understanding the difference i n  the  Telstar and Injun flux 

dist r ibut ions In FIB. 6 .  
it was assumed tinat all the  electrons involved had a f i ss ion  

energy spectrum. The fnjun detector does not count eleotrons 

In  developfng these flux dist r ibut ions 

of E < 2  Mev off ic ient ly ,  The Tels tar  detector does count I 

low energy eloctrons w i t h  E <l MeV well. 

Telstar w i l l  count the soft electrons a t  L = 1.57 much more 

efficiently than will Injun. Because of this ,  the Injun 

oontours should close at lower a l t i tude  than the  Tels tar  

contours. Those two se t s  of contours are  two di f fe ren t  

pictures of the 581110 thing, 

spa t ia l  dis t r ibut ion of eleotrons of E -3 Novo The Telstar 

pfuture shows the  spatial dis t r ibut ion of EN* Mev electron8 

and probably gives 8 better estimate of the t o t a l  a r t i f i o i a l  

b e l t  electron population than t h e  Injun estimate beoause Injun 

does not irdude the  large number of low energy eleotrons pr88ent. 

This means tha t  

The Injun p lo tu ro  shows the  

I 

I 

Several s a t e l l i t e s  have followed the decay of the Starfish 

electrons. We will consider t h i s  In a l a t e r  section. 
- 



Radfatfon Damam 

The a r t i f i c i a l  radiation be l t  can cause damage t o  

radiation-sensitive components such as so lar  c e l l s  and 

man. The same, of course, is true of the natural  radiation 

b e l t ,  

by the S tar f i sh  electrons. 

transmitting data a f t e r  about one week, and the TRAAC and 

Transit @ s a f e l l i t e s  stopped i n  about one month. 

I 

The power supplies of' three s a t e l l i t e s  were damaged 

The Ariel s a t e l l i t e  stopped 

The solar 
c e l l s  on these s a t e l l i t e s  were progressively detorlorat&& 

due t o  the  a r t i f i c i a l  electrons from Starfish. 

w-L-eAof a solar c e l l  goes down as the radiat ion exposure 

w e 3  UP, (32 )  as shorn i n  Fig. 7 . A normally designed 

s a t e l l i t e  powor supply will malfunction i f  the solar o e l l  

output drops to about 80 percent of its designed value, 

From Fig, 9 wo see t h i s  w i l l  take about 101~leotrons/cm2 

The output 
cu\rr+-$ 

I 

for the P-on4 type s o l a r  cella used on Ariel, 

i n  the high f lux  region of lo9 electrons/cm2/seo about 

Ariel stays 

10 peroent of the time so It enoounters roughly 1o~*e1ectrons/am2/dPp, 

so a week is about the  right ~ l m e  f o r  the power supply t o  l a s t  

before going in to  undervoltage. The output from the  solar 

c e l l s  on TRAAC and Transit  @ was monitored i33' and the time 

hfstory is shown i n  Fig. 10. 

due t o  the natural trapped par t ic les ,  and t h e  sudden change 

on July 9 i s  c lear ly  due t o  the trapped electrons from Starfish. 

The i n i t i a l  slow decrease is 

Telstar  has a different  and more redtatton-resistant N-on-P 

type solar  cel ls ,  and it lived a long time i n  the  aFtifioial 



radiation bel%, 

i 3  so that it could stand because i t s  power supply was dmzhm& 

a lal'gsr per?ac;ntage dcgradatlon and therafors more radlstlon, 

Injun also lasted a long time a f t e r  S ta r f i sh  
hc, \+ 

E\ 

Sa te l l i t e s  can clear ly  be designed t o  have long l i ves  i n  the 

Starf ish belt , ,  o r  even mope intense bel ts ,  but Ariel, TRMC 

and Transit were not expected t o  encounter those radiat ion 

levels, so thoy were not designed f o r  it. 
A t o t a l  flux of 3 31: 10 7 particles/cm2 is  equivalent t o  

1 Rad ( i f  the charged par t ic les  are minimum ionizing). The 

f lux  of natural high energy protons i s  about 2 x 10$6m2seu. 

T h i s  w i l l  r e su l t  i n  aboutl@R/hour radiat ion dose t o  a l i g h t l y  

shie lded person. The high eleotron f lux  region from Star f i sh  

has lo9 electrons/cm2/sec. This  would r e su l t  i n  about 

30 R/sec. 

dosage, For a f i s s ion  energy spectrum, 1 gm/cm2 of shielding 

material will reGuce the dose about 8 factor or 10, 2 gms/cm2 

Shfeldfng can be used t o  reduce the radiation 

, a  fac tor  of 100, and 3 gms/cm' a fac tor  of 1000, But it i s  

qufte difficult t o  reduce t h e  radiat ion by more than a fautor 

of S;OOO because of the X-rays produced by the electrons h i t t i n g  

the shieldfng. 

goes in to  bremstrahlung is about 

The f ract ion f of t h e  electrons? energy that 

Tile c 
c = - / d o  

For f i s s ion  electrons incldent on an AI shie i .d~- .02 .  

rbsorption length of  the bremstrahlung X-rays i s  about 

20 grns/cm2 so the r a t e  of energy l o s s  is about a fautor of 

50 l e s s  than for minlmurn ionizing aharged particles.  



Combfning these fac tors  wo get a reduction of a fac tor  

of 5000 i n  t h o  r a t e  of enorgy deposition under the shield. 

But  the  X-rays t ha t  are produced, having an absorption 

length of 20 gm/cm2 are very hard t o  absorb out so additional 

shielding a f t o r  about 4 gms/cm2 does not help much. 

With a factor of 5000 reduction in radiat ion due t o  

qhleldlng the radiation dose from the Stargish f lux  would 

s t i l l  reach about 20 R/hr. About 500 R is l e t h a l  t o  most 

people 80 t h i s  region of space cannot be used for prolonged 

manned space flight. 

Attentfon was given t o  the problem of manned f l i g h t  

shor t ly  a f t e r  Starfish. 

S ta r f i sh  was used t o  calculate tha t  about 1 R radiat ion dose 

would be received by an astronaut on a six-orbit mission 

8t that t i m e .  (26) 

decay of t h o  trapped par t lc les  had reduced the expected 

dose consIder.2bly, and t h o  dose received was well under 1 R. 

T h i s  i s  l e s s  than I s  recefved i n  some ohest X-rays and is 

not a problem. 

Tho flux map for one weak after 

By the t h e  the MA 8 f l i g h t  took place, 



The question had been raised before Starf ish as t o  

whether the explosion would seriously a l t e r  tho  natural 

Van Allen belt. Xost opin ion  was t ha t  it mould not. 

Because of the large f lux  of a r t i f i c i a l  electrons injected 

by S tar f i sh  ft Is not possible t o  say anything about ohanges 

t o  the natural  b e l t  electrons. But there is aone information 

about the high energy proton fluxes. Nuclear emuls~ons flown 

on recoverable s a t e l l i t e s  moasurod the  55 Mev proton flux 

at various tirne.3 before and a f t e r  Starfish. (37) 

weeks a f t e r  StaTfish t h e  55 Uev proton f lux a t  400 km was 

about a factor  of 5 l a rger  than before Starfish. 

Abuut three 

It has 

decayed since then. 

r a t e  of decay of  the protons but the decay clonstant is of the 

There is no source of 55 MeV protons 

There is some uncertainty about the  

order of 10 7 seconds. 

from the explosion so these par t ic les  must be na twa l  b e l t  

protons. Very Ifkely the explosion displacled a small fraotlon 

of the high en32gy Van Allen bel t  protons. The hydromagnetlo 

wave from the  explosion might do it but the de t a i l s  of suoh 

a process a re  not understood quantitatively, 

If o n l y  a few percent of t he  high energy protons a t  

high a l t i t udes  were moved domvrards this observation could 

be explained. 

has not been changed measurably by the  Starf ish explosion. 
\ -r! 4- 

4-0. ' * IS19w- 

Measurements on Explorer XV&before and a f t e r  t h o  USSR explosions 

on Oct. 28 and Nov. 1 show no measurable change in t he  

The high energy proton flux a t  high a l t i t udes  
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Tha Soviet HirTh Altitude 'Explosions - 
vll Octobep 27# 1962, FJASA latmched ths Explorer XV 

But s a t e l l i t e  t o  :3tudy the art ifficial  radiaOion bel t ,  

before ft got  i n  the a i r  there mere two a r t i f i c i a l  be l t s  

and by the t i n e  it was up for a day there was 8 th i rd  be l t ,  

The Soviets conducted t ~ a  high a l t i t u d e  explosions on 

October 22 and October 28 and then a t h i r d  one on November I.. 
Explo re rSV had electron detectors on it t o  aover the  range 

of energies expected for f issfon electrons, detectors w i t h  

th rcsholds  from 8 Mev t o  5 XOV. Fig, 1 1  shows t h o  dis t r ibut ion 

of electrons f o r  two of Brown's threshold detectors (4') on 

E x p l o r e r ~ V ,  Curve A and C were taken jus t  a f t e r  Explorer 

@V vas lamchctd and curves B and D were about 5 hours l a t e r  

a f t e r  the  second Soviet explosion, The new be l t  of electrons 

from the  explosion is clear ly  evident s t a r t l n g  a t  L = 1.8 
and extending out t o  about L = 3. 
be l t  is  qui te  sharp, perhaps indicating expansion of the 

debris from the  explosion preferent ia l ly  upwards a s  i n  a f i e l d  

ltkee bubble. 

essent ia l ly  unchanged by theSoviet explosions. The l i t t l e  

bump on curve A of Fig. 11 at L -1.8 i s  probably residue Prom 

The inner edgo of t he  new 

Inside about L 3 1.7 the electron fluxes were 

the Soviet explosion of October 22, T h i s  explosion was 

detected a l so  by Telstar,  (39 1 

The polar-orbiting Air Force s a t e l l i t e  1962 p K carr ied 

several radiat ion detection Instruments t o  study t h e a r t i f i a i a l  
b o l t s  .Td-,Q fivo-channel magnetic electron spectronieter (31) 

on th i s  vehlcle measured electrons of energios0.3 t o  3.2 MeV. 

This  instruuent detected the October 28 Soviet explosion and 



and round t ha . t  a t  about L = 1.9 the electrons had roughly 

a fission spc&mm but a t  higher L values the spectrum became 

sor'tcr. It no-iLid appear) from this tha t  the explosion s i t e  

vas a t  about L 2: 1.8 end the higher L electrons were 

softened maybe fn the serm way tha t  the  S ta r f i sh  electrom 

wore. The Ekplorer XV detectors also indicate tha t  the  

energy spectrum of the electrons introduced by theSoviet 
October 28 explosion became softer w i t h  increasing Lo (4 0 )  

Sev0ral directional detectors on 1962 SIC showed t h a t  r 
the  elsctrons injected on October 28 had a flux dis t r ibut ion 

appropriate t o  a some w e l l  off the equator. ( 4 \ )  T h i s  is 

what me would expcct f o r  ;5?n explosion a t  a few hundred 

kiloraetesrs alt i tude.  Detectors on 1962 K measured the 

t i m e  h is tory of the a r t i f i c i a l  b e l t  of October 28 and then 

detected the Injection of now electrons i n  a rather  limited 

new be l t  a t  about L =: 1.8 on November 1. In both cases the 

f lux  of the nov par t ic les  decreassd w i t h  time constants of 

a fen days and the low energy par t ic les  seemed t o  disappear 
14 1) faster . 

Aboct a vmsk a l t e r  the Soviet explosions, the par t ic les  

The spa t i a l  distri- 
h 

injected a t  L > 1.7 haih decayed some. 

bution of E > 5  Xeveleetrons measured on Wovember 10 by 

Xcflnain on Explorer XV is shown in F i g .  12 

of the Starfish b e l t  below L = 1.7 is d e a r l y  present as 

mll  as the Sovlet artfficial b e l t  a t  L = 1,8, 
Idov F l u  existing out t o  L = 4 i s  probably due m w t l y  t o  the 

(341 
The remains 

I 

The E> 5 

Soviet explosions with maybe some l e f t  over from Starfish. 



- - - ------ - --- 

There a m  not  thought to be any E > 5 LIov elcictrons in 

t h a  natural Van Al len  bolt so thfs FIG. IL  is probably 

ail made up 0.: eiectmiis hxi  tkib szv=ral explosions. 



'r? 

Chm.Y;es of tha Electron Zllercg S p a c t r u m  t7fth L -- - -. 
F:tQoa the Soviet explosion of Octo  28 the  electron 

s;3eci;rua -Is a fission spectrum for L = 1.8 but t he  energy 

Lr3octrun g e t s  consistently softer with increasing L. ( 34) 

'Jlqy does the emrgy spectrua change with a l t i tude?  It 

rrllght be due to a coablnatfon of 

par t ic les  171th different  sgatial 

seems unlikelg. YJe have no good 

electron source m u l d  ba. There 

two different sources of  

distributions,  but t h i s  

idea :7hat the second 

a re  two reasons why the 
Ott \Z ' r -  

\ 

electrons fpom fission decay might have different 

at di f fe rea t  locztfons. 

( a )  Time a f t e r  fission, 

T h s  equilibrium f i s s l o n  cnepgy spectrum shown 

is t h e  electron spectrum f r o a  a raac top  b u t  t h i s  is actually 

21 composite oZ a variety of energy spectra a t  different 

times a f t e r  t h e  f i s s ion  event, 

Given off ea r l i e r  after fisslon, 

32ectruin changss wZth time a f t e r  f iss ion,  

Eigh energy alectrons are 

Fig.13 shows how the energy 

From the ( 9 3  

experimental data oi? the Soviet Oct. 28 explosion it would 

appear that I t  would be necessary t o  have f i s s ion  fragments 

required s p e c t m l  softening a t  L =  l,!?j'. 'ifhis seems like 

a very  l o ~ g  tiirie but it is  not im9ossible. Colgate ( 6 )  has 

suggested t.)lat. most of the fission fragments from the explosion 

nay ba slowed dorm by the oxpanding dsbr i s  plckin8 up air.  

In t h i s  m y  the f i ss ion  fragments may become slow enough so 

t ha t  Q-spectrua w i l l  cha-il,-o sou13 but I consider it unlikely 



If tho e:.cctroris w o  confined in  a bubble in t h e  magnetic 

f i e l d  and i f  i;ho bu'ohlc cqxmis  tho 2rrticles w i l l  lose energy 

by c o l l i d i x g  with the  raceding wail. 

'.'le can calculate the sla:ILn,n; down of the fmt electrons 
(4 3,44) i n  ar: ax9andhg bubble cs a form of  Fermi accoloration. 

Starting with e 2 w t i c l e  of dnorgy Z in the  bubble vie can 

study the rof'cction of  t h e  pa r t i c l e  a t  the bubble wall by 

Lorentz  t r a n s f o ~ r n i n g ~ ' ~ ~  t o  the systeu i n  which the w a l l  is 

at res% (denoi;eC! by E', p * )  

p *  If YAf -p € 
E' ::-pr+ 3 E 

The r e f l e c t i o n  From the s t a t i o m r y  wall keeps the  energy 



E O  

K 

NG::' cons idc in :  ti d i s t r f b u $ i o n  of enerzies 

i 

energy and bubble 
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thc: daccy Tor <3ove-=.al months af3er S tar f i sh  could be 
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